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Abstract: The tissue optical clearing technique plays an important role in three-dimensional
(3D) visualization of large tissues. As a typical solvent-based clearing method, 3DISCO can
achieve the highest level of tissue transparency with favorable clearing speed. However, 3DISCO
cannot deal with the residual blood within tissues, leading to tissue brownness or redness after
clearing, thus greatly influencing the tissue transparency and image quality due to the strong
absorption of residual blood. To address this problem, we proposed an optimized clearing method
by introducing CUBIC-L solution combined with 3DISCO for effective decolorization, termed
Dec-DISCO (Decolorization DISCO). Dec-DISCO achieves better transparency than 3DISCO
for various heme-rich tissues and performs enhanced fluorescence preservation capability. Dec-
DISCO allows high-quality 3D imaging of fluorescently labeled heme-rich organs, as well as
pathological tissue with severe hemorrhage. Dec-DISCO is expected to provide a powerful tool
for histological analysis of kinds of heme-rich tissues in various medical conditions.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Accurate mapping of tissue structures in three-dimension can significantly promote the under-
standing of the overall complex biological architectures and functions for whole organs and
organisms [1–5]. Recently, 3D imaging with high resolution benefits from the rapid development
of optical imaging techniques and fluorescent labeling techniques [6,7]. However, the high light
scattering within tissues limits the imaging depth of optical tomography [8]. The advent of
modern tissue optical clearing techniques efficiently reduces the light scattering and renders the
tissue highly transparent, deepening the optical imaging depth and provides a powerful tool for
3D reconstruction of the intact organs [9,10].

In recent years, various tissue clearing methods have been developed. They are principally
divided into three groups: solvent-based methods, such as 3DISCO [11,12], iDISCO [13],
uDISCO [14], FDISCO [15], vDISCO [16], sDISCO [17] and PEGASOS [18], aqueous-
based methods, such as SeeDB [19,20], ScaleS [21], FOCM [22], MACS [23] and CUBIC
[24–26], and hydrogel-based methods, such as CLARITY [27,28], PACT [29] and SHIELD [30].
Aqueous-based methods and hydrogel-based methods are known for high levels of fluorescence
compatibility and well preservation of tissue morphology, but are limited by long clearing time
or insufficient transparency [9]. In contrast, organic solvent-based clearing protocols, such as
3DISCO, can achieve the highest level of tissue transparency with favorable clearing speed.
Therefore, 3DISCO is widely used for imaging large samples, such as brains, spinal cords,
muscles, embryos, and so on [31–35]. However, 3DISCO cannot deal with the residual blood
within tissues, causing tissue brownish or redness after clearing [14,15,36]. Though careful
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intracardial perfusion with PBS was done prior to tissue extraction, some tissues still contained
substantial residual blood, such as liver, kidney, spleen, and lung, which significantly affected
the tissue transparency and imaging quality after clearing. This blood-sensitive feature greatly
affected the applications of 3DISCO in studying heme-rich tissues for health and disease.

In this study, we aim to modify 3DISCO method by introducing an effective decolorization
solution prior to 3DISCO clearing. We screened many kinds of chemicals used for decolorization
and found that CUBIC-L was efficient for decolorization and also preserved fluorescence well.
We therefore combined 3DISCO with CUBIC-L pretreatment, and this whole pipeline was
termed as Dec-DISCO (Decolorization DISCO). Dec-DISCO enables efficient decolorization and
clearing of heme-rich rodent organs with stabilized fluorescence preservation. With Dec-DISCO,
we achieved high-quality imaging for neural structures of adult mouse brains and muscles with
transgenic labels, and performed complete imaging of mouse lungs without blind areas labeled
by quantum dots. We also used Dec-DISCO to visualize the neural disruptions in the injured
spinal cord with severe hemorrhage. These results suggest that Dec-DISCO protocol provides an
efficient alternative for clearing and imaging of heme-rich tissues and is expected to be used for
3D visualization of various tissues for health and disease.

2. Materials and methods

2.1. Animals

Wild-type (C57BL/6J) (8–11 weeks old), Thy1-GFP-M (8–11 weeks old), Thy1-YFP-16 mice
(8–11 weeks old), and Sprague-Dawley rats (200–250 g) were used in this study. Animals
were selected for each experiment based on their genetic background (wild-type or fluorescence
transgenes). All animal care and all experimental procedures followed the Experimental Animal
Management Ordinance of Hubei Province, P. R. China and the guidelines from the Huazhong
University of Science and Technology, and were approved by the Institutional Animal Ethics
Committee of Huazhong University of Science and Technology.

2.2. Preparation of samples

Mice and rats were deeply anesthetized with a mixture of 2% α-chloralose and 10% urethane
(8 mL/kg) through intraperitoneal injection, and perfused intracardially with 0.01 M phosphate
buffered saline (PBS) (Sigma-Aldrich, St. Louis, USA) followed by 4% paraformaldehyde (PFA)
(Sigma-Aldrich, St. Louis, USA) in PBS. After perfusion, tissues of interest (brain, heart, liver,
spleen, lung, kidney, and muscle) were carefully dissected from the perfused mouse body and
post-fixed in 4% PFA overnight at 4 °C. The brain samples used in Fig. 3 were directly extracted
from the sacrificed mice without perfusion followed by fixation in 4% PFA overnight at 4 °C. All
organs were rinsed with PBS several times. 1-mm-thick coronal brain slices were obtained using
a commercial vibratome (Leica VT1200S, Germany).

2.3. Preparation of decolorization solutions

8% sodium dodecyl sulfate (SDS) was prepared by dissolving SDS powder (30166428, Sinopharm
Chemical Reagent Co. Ltd., China) in distilled water at a concentration of 8% (wt/vol). 0.1 M
NaOH was prepared by dissolving NaOH powder (10019718, Sinopharm Chemical Reagent Co.
Ltd., China) in distilled water at the indicated concentration. 5% H2O2 was prepared by diluting
30% H2O2 stock solution (80070961, Sinopharm Chemical Reagent Co. Ltd., China) with distilled
water. CUBIC-R1 was prepared as a mixture of 25 wt% N,N,N’,N’-tetrakis(2-hydroxypropyl)
ethylenediamine (T0781, Tokyo Chemical Industry, Japan), 25 wt% urea (10023218, Sinopharm
Chemical Reagent Co., Ltd, China) and 15 wt% Triton X-100 (10789704001, Sigma-Aldrich,
USA) dissolved in distilled water, as previously reported [24]. CUBIC-L was prepared as a
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mixture of 10 wt% Triton X-100 and 10 wt% N-buthyldiethanolamine (B0725, Tokyo Chemical
Industry, Japan) dissolved in distilled water, as previously reported [26].

2.4. Dec-DISCO clearing procedure

Fixed samples were firstly immersed in CUBIC-L solution for decolorization for 1–3 d, the time
needed for this step depends on the sample size. The decolorized samples were then washed with
PBS several times. Then the samples were incubated successively in increasing tetrahydrofuran
(THF) (186562, Sigma-Aldrich) concentrations (50 vol%, 70 vol%, 80 vol%, 100 vol%, 100
vol%) for dehydration, followed by incubation in dibenzyl ether (DBE) (108014, Sigma-Aldrich)
for refractive index (RI) matching. All steps were performed at room temperature with gentle
shaking. The time needed for clearing is 1-12 h for each dehydration step, and 1-3 h for RI
matching, which depends on tissue thickness.

2.5. Measurement of light transmittance

We measured the light transmittance of whole mouse kidneys using a commercially available
spectrophotometer (Lambda 950, PerkinElmer, USA). Cleared samples were mounted in a cuvette
fulfilled with RI matching solution for measurement of transmittance. We measured transmittance
spectra from 400 nm to 800 nm. Each sample was measured three times independently, and data
for plotting was based on the average value.

2.6. Quantum dot labeling

The fluorescent quantum dots used in this study are based on zinc sulfide quantum dots coated with
cadmium selenide (CdSe@ZnS 488). The quantum dots are firstly embellished by Glutathione
(GSH) to transform it from the hydrophobic organic state into a more biocompatible water-
miscible state. Subsequently, the mice (C57BL/6J) were anesthetized, followed by injection
of 400 µL quantum dots through the tail vein to complete the labeling. Following successful
injections, animals recovered from anesthesia in a warm cage for about 30 min, then returned to
their home cage. The labeled mice were sacrificed 6 h after injection.

2.7. Spinal cord injury model

Mice (C57BL/6J) were deeply anesthetized and placed on a heating pad (37°C) to maintain
body temperature during surgery. The back skin was incised, and the muscle tissue was then
dissected to expose laminae T9 to T11. A T10 laminectomy was completed by removing the
dorsal lamina carefully. Contusive thoracic (T10) spinal cord injury (SCI) was induced using
a blunt force impactor (modified NYU device), as described in previous literature [37]. After
injury, the muscle and skin were carefully sutured. The mice were then placed in a warm cage
with soft padding and maintained at 37 °C until fully awake.

2.8. Imaging

Fluorescence images of cleared samples (adult mouse brains, spinal cords, and lungs) were
acquired with a light sheet microscope (Ultramicroscope I, LaVision BioTec, Germany) equipped
with a sCMOS camera (Andor Neo 5.5, Oxford Instrument, UK), a macrozoom body (MVX-ZB10,
Olympus, Japan, magnification from 0.63× to 6.3×) with a 2× objective lens (MVPLAPO2X,
Olympus, Japan, NA= 0.5, WD= 20 mm), and a dipping cap. Thin light sheets were illuminated
from both the right and left sides of the samples. We acquired light-sheet microscope stacks
using ImSpector (Version 4.0.360, LaVision BioTec, Germany) as 16-bit grayscale TIFF images
for each channel with a 5 µm step size.

An inverted laser-scanning confocal fluorescence microscope (LSM710, Zeiss, Germany)
was used to perform fluorescence imaging of brain slices. Samples were placed on a slide and
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covered with a coverslip to keep tissue submerged in clearing solutions. A 5× objective lens
(FLUAR, NA=0.25, WD=12.5 mm), 10× objective lens (FLUAR, NA=0.5, WD=2 mm), and a
20× objective lens (PLAN-APOCHROMAT, NA=0.8, WD=550 µm) were used for imaging.

2.9. Data processing

All raw image data were collected in a lossless TIFF format (8-bit for confocal microscopy
and 16-bit for light sheet microscopy). Processing and 3D rendering were executed by a Dell
workstation with 16 core Xeon processor, 256 GB RAM, and Nvidia Quadro P2000 graphics
card. We used Imaris (Version 7.6, Bitplane AG) and Fiji (Version 1.51n) for 3D and 2D image
visualization, respectively. Stitching of tile scans from light sheet microscopy was performed via
Matlab (Version 2014a, Mathworks). The 16-bit images were transformed to 8-bit images with
Fiji to enable fast processing using different softwares.

2.10. Quantifications

Measurement of tissue size changes. 1-mm-thick brain slices were used for the measurement of
sample expansion and shrinkage, and bright-field images were taken before and after clearing.
The coronal area of the sample was determined using the ‘polygon-selections’ function of Fiji.
The tissue size change was determined by calculating the ratio of the area before and after clearing
(Fig. S4b).

Relative fluorescence quantification. For evaluation of relative fluorescence intensity, the cell
body of a neuron was encircled by the ‘freehand-selection’ tool in Fiji, then the mean fluorescence
intensity and area were measured. The multiplication values of these two parameters were
identified as the total fluorescence intensity of the neurons. The total fluorescence intensity
was normalized to the value in PBS (100%) for the same neuron, which was defined as relative
fluorescence intensity (Fig. 1(e), 1(f); Fig. S1b; Fig. S2b). For quantification of light sheet
imaging data, we used a well-established pipeline previously reported in Ref. [15] (Fig. 3(h)).

2.11. Statistical analysis

Data are presented as the mean± SD. and were analysed using SPSS software (Version 22, IBM,
USA) with 95% confidence interval. Sample sizes are indicated in the figure legends. For analysis
of statistical significance, the normality of the data distribution in each experiment was checked
using the Shapiro-Wilk test. The variance homogeneity for each group was evaluated by Levene’s
test. P values were calculated using an independent-sample t-test (two-sided) to compare data
between two groups in Fig. 3(h), Fig. S2b, and Fig. S4b. P values were calculated using one-way
ANOVA followed by the Bonferroni post hoc test to compare data in Fig. 1(e), Fig. 1(f), and Fig.
S1b. In this study, P< 0.05 was considered significant (*, P< 0.05; **, P< 0.01; ***, P< 0.001).
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Fig. 1. Modifying 3DISCO by tissue decolorization. (a) Work flow for evaluating the
decolorization abilities for chosen solutions. (b) Bright-field images of adult mouse spleens
treated by different decolorization reagents. (c) Experimental pipeline for quantifying the
fluorescence preservation abilities for different decolorization solutions. (d) Fluorescence
images of mouse brain slices after decolorization by indicated solution and after 3DISCO
clearing. All confocal images are MIPs of z stacks (50 µm thick) from the surface. (e)
Comparison of fluorescence intensity of brain samples after decolorization by different
reagents prior to clearing (n=6). (f) Comparison of fluorescence intensity of decolorized
samples after 3DISCO clearing (n=6). All values are presented as the mean± SD. Statistical
signifcance in e and f (***, P< 0.001) was assessed by one-way ANOVA followed by the
Bonferroni post hoc test.



Research Article Vol. 12, No. 9 / 1 Sep 2021 / Biomedical Optics Express 5504

3. Results

3.1. Modifying 3DISCO by decolorization with enhanced endogenous fluorescence
intensity

3DISCO clearing method is significantly effective for 3D imaging of large volumes, owing to its
superior clearing capabilities, and has been widely used in many biomedical studies. However,
3DISCO method cannot deal with the residual blood within tissue, thus the samples cleared by
3DISCO often display a deep red color, especially for heme-rich tissue. The residual blood within
cleared tissue will lead to severe light absorption in the visible region (400–600 nm), affecting
tissue transparency and imaging quality. Therefore, we tried to introduce efficient decolorization
solutions to address this issue for 3DISCO method. We selected several typical solutions for
tissue decolorization, including 8% SDS, 0.1 M NaOH, 5% H2O2, CUBIC-R1, and CUBIC-L.
We used fixed mouse spleens with plenty of residual blood to examine the decolorization abilities
of these solutions, as well as compatibilities with 3DISCO clearing (Fig. 1(a)). We found that 5%
H2O2, CUBIC-R1, and CUBIC-L successfully decolorize mouse spleens within 24 h, leading to
high transparency after 3DISCO clearing (Fig. 1(b)).

In addition to tissue transparency, the compatibilities of the above solutions with endogenous
green fluorescent proteins (GFP) were also investigated (Fig. 1(c)). The tested 8% SDS, 0.1 M
NaOH, 5% H2O2, and CUBIC-R1 solutions all attenuated GFP signals to different degrees after
decolorization. However, the fluorescence intensity of GFP signals increased obviously after
decolorization by CUBIC-L (Fig. 1(d, e)). This fluorescence enhancement by CUBIC-L could
retain considerable GFP signals even after the subsequent 3DISCO clearing, which could not
be achieved by other tested solutions (Fig. 1(d, f)). We also found that N-butyldiethanolamine
used in CUBIC-L lead to the enhancement of GFP fluorescence, probably due to its alkaline
condition in water (Fig. S1). Taking both transparency and fluorescence preservation into
consideration, we chose CUBIC-L for decolorization prior to clearing, and the entire pipeline was
termed as Dec-DISCO (Decolorization 3DISCO) (Fig. 2(a)). Additionally, we also compared the
fluorescence preservation between Dec-DISCO protocol and the original CUBIC protocol. The
results suggested that Dec-DISCO protocol showed much better fluorescence preservation than
CUBIC protocol after complete clearing (Fig. S2).

3.2. Dec-DISCO allows sufficient clearing for heme-rich rodent organs

Firstly, we compared the clearing performance between Dec-DISCO and original 3DISCO on
adult mouse organs with heavy residual blood. As shown in Fig. 2(b), Dec-DISCO successfully
eluted the heme chromophore within mouse kidneys and showed better clearing performance than
3DISCO. The transmittance curves also demonstrated that compared with 3DISCO, Dec-DISCO
significantly improved the tissue transparency, especially in the visible range between 400 to
600 nm (Fig. 2(c)). Dec-DISCO was also more effective on other types of rodent organs than
3DISCO, such as rat organs (Fig. 2(d)). Additionally, we also cleared the rat organs with the
original CUBIC protocol. Dec-DISCO protocol could achieve high transparency of rat organs
within 7 d, however, a 10 d protocol was not enough for CUBIC to achieve complete transparency
on typical rat organs, such as heart, spleen, and kidney (Fig. S3).

The feature of tissue shrinkage achieved by 3DISCO is beneficial for imaging large-volume
tissues, for it can help reduce the acquisition time and shorten the requirement for work distance
of objectives needed for imaging. Therefore, we also measured the size change of tissue cleared
by Dec-DISCO and 3DISCO. 1-mm-thick brain slices were cleared by Dec-DISCO and 3DISCO,
respectively. Bright-field images were taken, and the outlines of samples were traced before
and after clearing. The traced border of brain sections showed similar outlines before and after
clearing for both two methods, while the quantified tissue shrinkage achieved by Dec-DISCO
showed slightly larger than 3DISCO (Fig. S4).
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Fig. 2. Dec-DISCO allows high-performance clearing for heme-rich rodent tissues.
(a) The entire pipeline for Dec-DISCO clearing. (b) Bright-field images of adult mouse
kidneys cleared by 3DISCO and Dec-DISCO, respectively. (c) Transmittance curves of
adult mouse kidneys cleared by 3DISCO and Dec-DISCO (n= 3). (d) Bright-field images of
different rat organs cleared by 3DISCO and Dec-DISCO. All values are presented as the
mean±SD.
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3.3. Dec-DISCO permits high-quality imaging for adult mouse tissue using LSFM

To investigate the superiority of Dec-DISCO over 3DISCO in 3D imaging, we compared the
imaging quality of Dec-DISCO with 3DISCO using adult Thy1-GFP-M mouse brains expressing
endogenous GFP signals. We divided a Thy1-GFP-M mouse brain without perfusion into two
halves, one for Dec-DISCO and the other for 3DISCO, and imaged them using light sheet
illuminated from the same side (Fig. 3(a)). Figure 3(b) showed the bright-field images before and
after clearing, indicating that Dec-DISCO-cleared samples were brighter and more transparent
than 3DISCO. We obtained high-quality images of the neural distributions at different depths
and performed 3D reconstruction by Dec-DISCO (Fig. 3(c, d)), demonstrating higher signal
intensity and better imaging quality than 3DISCO (Fig. 3(e, f)). We observed the fine neuronal

Fig. 3. Dec-DISCO is applicable for high-quality imaging of neural structures in the
mouse brain using LSFM. (a) The experimental work flow. (b) Bright-field images of
mouse hemispheres cleared by Dec-DISCO and 3DISCO, respectively. (c) 3D reconstruction
of neural structures in the mouse hemisphere cleared by Dec-DISCO using LSFM. (d)
Cross-sections of the hemisphere at different imaging depths cleared by Dec-DISCO. (e)
Cross-sections of the hemisphere at different imaging depths cleared by 3DISCO. (f)
3D reconstruction of neural structures in the mouse hemisphere cleared by 3DISCO. (g)
Comparison of the high-magnification images in different brain regions after Dec-DISCO
and 3DISCO clearing. (h) Quantification of the fluorescence level in different brain regions
after Dec-DISCO and 3DISCO. The same imaging parameters were used for imaging the
brain samples cleared by Dec-DISCO and 3DISCO (n=3). All values are presented as the
mean±SD. Statistical significance in h (***, P< 0.001) was assessed by an independent-
sample t-test.
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structures in different brain regions, including the cortex, hippocampus, cerebellum, caudate
putamen (CPu), and midbrain (Fig. 3(g)). Compared with 3DISCO, Dec-DISCO treated samples
revealed more neuronal details and showed a higher level of fluorescent signals in all observed
regions than 3DISCO (Fig. 3(h)).

In addition, we also imaged and reconstructed the nerve branches within skeletal muscles
using Thy1-YFP-16 transgenic mice (Fig. S5). Due to the high transparency and fluorescence
enhancement, Dec-DISCO allowed fine imaging and reconstruction of nerve branches at different
depths, while 3DISCO could not.

3.4. Dec-DISCO can be used to 3D image heme-rich mouse lungs labeled with
quantum dots

Quantum dots are crystals of fluorescent semiconductor material with a nanoscale diameter
(2–10 nm). Due to their very narrow fluorescence spectra, high brightness, and resistance to
photobleaching, quantum dots have been widely used as biomarkers for molecular labeling in
many biomedical studies, especially for early tumor diagnosis and treatment [38–40]. Therefore,
visualization of their distribution and densities within mouse organs in 3D can provide useful
information for drug delivery and tumor therapy.

Here, we injected CdSe@ZnS quantum dots intravenously into C57BL/6J mice, and the
lung samples were extracted several hours after injection and post-fixed overnight, followed by
Dec-DISCO/3DISCO clearing and LSFM imaging (Fig. 4(a)). As shown in Fig. 4(b), the fixed
lung samples contained a large amount of residual blood, therefore the cleared samples showed
a very dark red color after 3DISCO clearing. In contrast, Dec-DISCO could efficiently elute
the heme within the lungs and achieved full transparency (Fig. 4(b)). Then we performed 3D
imaging and reconstruction of 3DISCO/Dec-DISCO cleared mouse lungs labeled by quantum
dots (Fig. 4(c, d)). The fluorescence images at different depths were shown (Fig. 4(e)-(g)).
Samples cleared by Dec-DISCO could be finely imaged from the sample surface to the deep
region without any blind area (Fig. 4(e, f)); however, the middle of the 3DISCO-treated samples
in the deep region remained an invisible dark area due to the heavy light absorption caused by
residual blood, resulting in the incomplete acquisition of fluorescent signals of the entire samples
(Fig. 4(g, h)).

3.5. Dec-DISCO is applicable for visualization of neural information in injured spinal
cord with hemorrhage

Spinal cord injury can lead to irreversible damage to neurons and axons, causing motor and
sensory dysfunction, loss of movement, and even permanent paralysis [41]. Many studies have
proved that spinal cord injury is often accompanied by serious secondary hemorrhage, further
aggravating the injury [35,41]. 3DISCO method has been used for studying spinal cord injury
and neural regeneration in recent publications [12,35]. However, the mass hemorrhage in the
injury area of spinal cords might limit the imaging quality of 3DISCO. Here, we employed a
weight-drop contusion spinal injury model using Thy1-GFP-M mice, and the injured spinal cords
were harvested, followed by Dec-DISCO/3DISCO clearing and LSFM imaging (Fig. 5(a)). The
bright-field images showed visible residual blood within the injured spinal cord, and the redness
of blood in the injury area became evident after 3DISCO clearing (Fig. 5(b)). Dec-DISCO could
efficiently decolorize the spinal cord and achieved better transparency than 3DISCO (Fig. 5(b)).
The 3D imaging of injured spinal cords showed that 3DISCO failed to image the entire spinal cord
due to the heavy residual blood, leaving most of the injury area black (Fig. 5(c)). Dec-DISCO
allowed fine imaging of neural structures in the entire spinal cord (Fig. 5(d)), not only the healthy
neural structures were well visualized in the normal area (Fig. 5(e)), but also the disruption of
neurons and axons were observed in the injury area (Fig. 5(f)). While 3DISCO only allowed
visualization of neurons in the normal area and left the injury region blind (Fig. 5(g, h)). These
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Fig. 4. Dec-DISCO achieved complete 3D imaging with no blind area for heme-rich
mouse lungs labeled by quantum dots. (a) Experimental design for clearing and imaging
of mouse lungs labeled by quantum dots. (b) Bright-field images of labeled mouse lungs
before and after clearing with Dec-DISCO and 3DISCO, respectively. (c) 3D reconstruction
of cell populations labeled by quantum dots in the mouse lungs cleared by Dec-DISCO. (d)
3D reconstruction of cell populations labeled by quantum dots in the mouse lungs cleared
by 3DISCO. (e) Cross-section images of the lungs in c at different imaging depths. (f)
Magnification of boxed regions in e. (g) Cross-section images of the lungs in d at different
imaging depths. (h) Magnification of boxed regions in g.
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results suggested that Dec-DISCO is a powerful tool to promote biomedical researches related to
spinal cord injury.

Fig. 5. Dec-DISCO permits 3D visualization of neural disruptions in injured spinal
cord with severe hemorrhage. (a) Experimental design for clearing and imaging of injured
spinal cords from spinal cord injury model. (b) Bright-field images of injured spinal cords
before and after clearing with Dec-DISCO and 3DISCO. (c) 3D imaging of neural structures
of injured spinal cord cleared by Dec-DISCO. (d) 3D imaging of neural structures of injured
spinal cord cleared by 3DISCO. (e, f) Visualization of neural information in normal (e) and
injured area (f) cleared by Dec-DISCO. (g, h) Visualization of neural information in normal
(g) and injured area (h) cleared by 3DISCO.

4. Discussion and conclusion

In recent years, 3DISCO method has been widely used in many studies due to its superior clearing
capabilities; however, the sensitivity to residual blood within tissue limited its applications
in heme-rich tissue. In this study, we modified 3DISCO method by introducing an effective
decolorization solution—CUBIC-L, for pretreatment of heme-rich tissue, termed Dec-DISCO.
Dec-DISCO achieves more excellent transparency on many kinds of tissue and performs better
fluorescence preservation than 3DISCO. Combined with LSFM, Dec-DISCO performed superior
imaging quality in 3D reconstruction of neuronal structures in mouse brains. Dec-DISCO also
allowed 3D imaging of heme-rich organs labeled with quantum dots and could be used to study
neural disruptions in spinal cord injury with severe hemorrhage.
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Decolorization solution is very critical for optimizing 3DISCO method. Traditional reagents
such as H2O2 and NaOH are often used for tissue decolorization in previous studies [13,25].
Recently, several effective chemical solutions were discovered, showing good decolorizing
capability, including SDS [27], CUBIC-R1 [24], and CUBIC-L [26]. We found that CUBIC-L
was not only effective for tissue decolorization but also notably increased the signal intensities
of endogenous GFP fluorescence, which was not achieved by any other tested solutions. This
may be due to the chemical nature of N-butyldiethanolamine used in CUBIC-L, for example,
its alkaline condition in water. The feature of fluorescence enhancement can effectively make
up for the quenching of fluorescence by 3DISCO. More importantly, Dec-DISCO protocol also
showed much better fluorescence preservation than original CUBIC protocol after complete
clearing, making Dec-DISCO more powerful in imaging transgenic mouse tissue. It should be
noted that this modification strategy by introducing CUBIC-L for decolorization prior to clearing
should be effective for other solvent-based clearing protocols, such as FDISCO, which did not
take decolorization into consideration [15]. The combination of this decolorization step with
FDISCO is expected to achieve higher transparency and more enhanced fluorescence intensity.

Quantum dots can easily label cells with no interference with cell functionality or migration
capacities, thus they are widely used for many biomedical studies, especially for early tumor
diagnosis and treatment [38–40]. However, when applied to heme-rich tissue such as lungs,
though careful intracardial perfusion with PBS was done prior to tissue extraction, a large amount
of residual blood was still retained, which will significantly affect the sample transparency and
imaging quality. Dec-DISCO is successfully applied to 3D imaging of lungs labeled by quantum
dots, which may benefit studies related to cancer diagnosis and targeted therapy.

Several diseases induced by external force will cause traumatic injuries and severe hemorrhage
within tissue, such as spinal cord injury [37,41]. 3DISCO method was developed to study axon
regeneration after spinal cord injury; however, when faced with hemorrhage, 3DISCO could not
deal with the blood within tissue. Dec-DISCO efficiently eluted the residual blood within injured
spinal cord, thus successfully revealed the disruption of neurons and axons in the injured area,
while 3DISCO could not.

Tissue shrinkage can hardly be avoided in solvent-based clearing methods. This overall
reduction in tissue size offers advantages for the visualization of large tissue. However, extensive
tissue shrinkage may also cause damage to the structural integrity of tissue, which may disturb
morphological analyses after clearing. Though the shrinkage caused by Dec-DISCO is proved to
be uniform on brain slices, the increased tissue shrinkage still brings risks for tissue deformation.
Therefore, tissue shrinkage still needs to be carefully validated in future studies.

It should be noted that current aqueous-based tissue clearing methods also play an important
role in the tissue clearing field, such as CUBIC [1]. CUBIC-series methods enable high-
performance clearing of mouse brains and organs; however, it may be time-consuming when
applied CUBIC to large tissues such as rat organs, largely due to the long time needed for complete
delipidation by CUBIC-L [42]. Dec-DISCO protocol employed CUBIC-L only for decolorization
rather than delipidation, and the clearing was achieved by efficient dehydration/delipidation by
tetrahydrofuran and RI matching by DBE, thus achieving better transparency in a shorter time
than CUBIC on large tissues. Though Dec-DISCO has certain advantages over CUBIC, choosing
a proper clearing method depends largely on specific experimental needs. In some cases, the
users may prefer solvent-based clearing methods if they require shorter clearing time, better
transparency, and hardening of the cleared tissues. The final goal of this study is to provide an
effective protocol to solve the blood sensitivity problems raised by the solvent-based 3DISCO
method which has been widely used in numerous studies. We widen the application of 3DISCO
method into heme-rich tissues by introducing effective decolorization reagents proposed by
CUBIC. This successful combination of the two methods facilitates the communication between
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the two kinds of approaches and may further provide useful information for developing new
clearing methods.

Additionally, several newly-developed clearing methods based on organic solvents also
introduced decolorization steps, such as PEGASOS [18] and vDISCO [16]. PEGASOS
performs nicely on both hard bones and soft organs [18]. vDISCO has done beautiful works
on demonstrating the applications of imaging TBI-induced injury of the PNS [16]. However,
both of them used Quadrol or Quadrol-based CUBIC-R1 reagents for tissue decolorization. As
shown in this work, CUBIC-L performed better than Quadrol and CUBIC-R1, especially for
enhanced fluorescence signals. This allows Dec-DISCO to perform well not only for clearing
but also for fluorescence preservation. Therefore, Dec-DISCO may not need extra steps such
as nanoboosting to enhance the fluorescence signal. Given 3DISCO has been recognized as
a pioneer clearing method for 3D imaging of transgenic-labeled or immunolabeled samples
[13,31,33], this Dec-DISCO protocol is expected to further expand the applications of 3DISCO
into surgical animal disease models with accurate injury and hemorrhage, as well as hold great
potential for clinical examination of pathological tissue in various medical conditions, such as
serious injury, tumors and cancer therapy.

In conclusion, we believe this optimized Dec-DISCO protocol will provide an efficient and
powerful complement for clearing and imaging of heme-rich tissues and is expected to be used
for studying various pathological diseases.
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